Integration of individual time-location patterns with spatially resolved exposure maps enables a more accurate estimation of personal exposures to environmental pollutants than using estimates at fixed locations. Current global positioning system (GPS) devices can be used to track an individual's location. However, information on GPS-performance in environmental exposure assessment is largely missing. We therefore performed two studies. First, a commute-study, where the commute of 12 individuals was tracked twice, testing GPS-performance for five transport modes and two wearing modes. Second, an urbantracking study, where one individual was tracked repeatedly through different areas, focused on the effect of building obstruction on GPS-performance. The median error from the true path for walking was 3.7 m, biking 2.9 m, train 4.8 m, bus 4.9 m, and car 3.3 m. Errors were larger in a high-rise commercial area (median error ¼ 7.1 m) compared with a low-rise residential area (median error ¼ 2.2 m). Thus, GPS-performance largely depends on the transport mode and urban built-up. Although B85% of all errors were o10 m, almost 1% of the errors were 450 m. Modern GPS-devices are useful tools for environmental exposure assessment, but large GPS-errors might affect estimates of exposures with high spatial variability.
INTRODUCTION
Accurate exposure assessment is of major importance for epidemiological research of potential health effects of environmental exposures, such as air pollutants, noise or radiofrequency electromagnetic fields. For small groups of participants, the exposure can be personally measured. For large populations, such an approach is usually not feasible and spatial modelling is the preferred method to estimate exposure levels for all study participants. 1--3 These models predict exposures at fixed locations (such as a home address), but fail to integrate time-location patterns of individuals.
The development of the global positioning system (GPS) in the early 1990s has introduced a new way of obtaining time-location information. 4 The GPS is a satellite-based navigation system that continuously provides space-time data to anyone equipped with a GPS-device. This provides the opportunity to link a person's movements to spatially resolved exposure concentrations.
Knowledge of the performance of GPS-devices is relevant for exposure studies, as GPS-errors will place a participant at the wrong location. If exposure levels vary within the error range of the GPS-devices, GPS-uncertainty will affect exposure estimates. GPS-errors can arise from factors that change over time, such as unfavourable, or clustered satellite positions, or ionospheric disturbances. 4 Another major cause of error is obstruction of the satellite signal. For example, high-rise buildings around the measurement point can lead to shielding, or introduce multipath-errors by reflecting signals on building surfaces. Obstruction could also be caused simply by body shielding, if the GPS-device is worn close to the body, or by the vehicle body in case of vehicle travel.
Several studies have evaluated the use of GPS-devices for exposure assessment. GPS-performance was analysed for measuring physical activity, 5 for tracking human movement in relationship to exposure to infectious diseases, 6, 7 for determining exposure to air pollution 8--10 and for time-location analysis of human activities. 11--15 For a current overview of the practical issues involved for using GPS in health research, we refer to Kerr et al. 16 In the aggregate the studies concluded that GPS-devices have a great potential for use in their respective fields.
However, in these studies the performance assessment was usually confined to a few tests under controlled, optimal conditions due to limited knowledge of the true locations. In our study, we extended the GPS-performance assessment by measuring the size of GPS-errors for outdoor movement tracking under real life conditions, and at quantifying the factors influencing these errors.
We performed two measurement campaigns: first, we tracked several study participants during their commute to and from work, using six GPS-devices at a time. This data set allowed us to assess the influence of body shielding (or wearing modes) as well as the transport mode and make of the GPS-device. Second, we repeated measurements of several defined paths in an urban environment 10 times over a 3-month period. This data set was used to evaluate temporal variation in GPSaccuracy, the performance gain by combining measurements of two simultaneously tracking devices, and the effect of building obstruction.
METHODS

Study Design
We analysed the performance of GPS-devices under real life conditions as encountered in epidemiological and environmental exposure assessment studies. We tested three affordable and lightweight GPS-devices using different transport and wearing modes. To mimic real exposure studies, we did not instruct participants to wait for the GPS-devices to obtain a good signal so as to minimize cold and warm start problems. A cold start refers to the satellite acquisition time when no prior satellite information is available, that is, the time it takes for the GPS-device to obtain the first position after a complete reset, whereas a warm start refers to the time to obtain a first position when prior satellite information is known. The tested devices were the TracKing Key Pro (LandAirSea Systems, Woodstock, IL, USA), the Garmin Oregon 550 (Garmin, Olathe, KS, USA) and the Adapt AD-850 (Adapt-Mobile, London, UK). See Table 1 for device specifications.
We carried out two studies:
Commute study: we tracked the back and forth commute of 12 employees of the Institute for Risk Assessment Sciences twice during the summer of 2010. The participants were selected based on their home location and mode of transport (walking, biking, car, bus, and train). For an overview of the commute tracks, see Figure 1 . Each participant carried three different GPS-devices in the front pocket of a backpack, and a second set of identical GPS-devices on the left shoulder. As people in the Netherlands travel on the right side of the road, we placed the devices on the left shoulder to decrease the effect of building obstruction. The shoulder devices were attached to the shoulder strap of the backpack, ensuring a consistent device placement.
Urban-tracking study: The second study focused on the effect of surroundings on GPS-performance, temporal variation in GPS-errors among repeated measurements, and potential performance increase by combining the measurements of two simultaneously worn GPS-devices. We tracked one research-assistant walking a fixed path through six areas in Amsterdam, the Netherlands, with two different GPS-devices (the TracKing Key Pro and the Garmin Oregon 550). The areas greatly varied in building density, ranging from high-rise commercial areas to low-rise residential areas. See Figure 2 for an overview of the six tracked areas in Amsterdam. We repeated the measurements 10 times, at different times of day, over a period of 3 months. The GPS-devices were placed on a small bike cart, at a height of B1 m above ground and at a distance of 1 m from the person to avoid body shielding.
GPS Error Calculation
For both studies, we determined the performance of the GPS-devices by first digitizing the true paths travelled by the participants with aerial imagery (Aerodata International Surveys Deurne, Belgium). We digitized the true paths of the commute study together with the participant on the day of their first tracked commute. All participants were instructed to follow the digitized true path as precisely as possible, without endangering their own and other peoples' safety. After each commute, we asked the participants if and where they deviated from the true path and updated the data accordingly. We then computed the shortest distance of these true paths to the locations logged by the GPS-device, defining the error of a GPS-observation as the length of the vector perpendicular to the true path. However, when the GPS-receiver did not obtain a strong enough satellite signal, no location was logged and we were unable to compute the GPS-error. We therefore also computed the ratio between the total tracked and travelled distance as an indicator for the time without satellite reception.
Data Handling
In this study we focused on outdoor GPS-performance, and we therefore removed all logged indoor points (for example, at home or inside a train station). For each commute, there was a 10--20 s interval (corresponding to a few points) for which we did not know whether the participant was indoors or outdoors. Thus, the exact transition between indoors and outdoors was uncertain and we chose to remove these points. Due to the small number of transition points, this had a negligible effect on our error estimates. Moreover, we filtered out the logged points for which we could not derive the true path due to outdated airborne imagery. As up-to-date airborne imagery was available for the majority (B95%) of the commute and all urban tracking paths, and outdated imagery is not related to factors that impact accuracy, removing these points did not affect our findings.
Sky View Factor (SVF)
The effect of surroundings on the size of GPS-errors was determined by an indicator, which quantifies the amount of open view to the sky. We termed this indicator the SVF, similar to the work of Gál et al. 17 The SVF at a certain location was computed by averaging the angle of the ground level towards the sky over all directions (see Figure 3 ). This ''ground-level-to-skyangle'' ranges from 0 (no building blocking the sky in any direction) to 90 degrees (facing a tall building completely blocking the sky). Thus, the SVF quantifies the potential obstruction of buildings to satellite signals. For the calculation of the SVF, the height information of the buildings was obtained from the national Dutch elevation model (Actueel Hoogtebestand Nederland, AHN).
Improvement of Performance by Combining Multiple Device Measurements
As current GPS-devices are relatively cheap and lightweight, it is feasible to carry multiple devices simultaneously, and subsequently use the GPSmeasurements from all devices for optimal location estimation. This only holds true if the different devices have a similar accuracy (in case devices of different makes are used). Furthermore, the device errors should, to some extent, be independent. If both devices yield similar systematic errors, little can be gained by combining the measurements. In contrast, if the error is mainly random, improvement can be achieved by spatially averaging the device measurements.
We therefore compared the errors of the two devices employed in the urban-tracking study to explore the agreement between GPS-devices. We matched each tracking point with the Oregon point logged closest in time accordingly, creating paired observations of device errors. Then we computed the average x and y-coordinate of the GPS point pairs. This resulted in a new set of observations with, for each point pair, the average location based on information from both GPS-devices. Finally, we computed the distance of these averaged device measurements to the true path.
Statistical Analysis
We used ArcGIS 9.3.1 (Esri Redlands, CA, USA) to clean all GPS-data, compute the GPS-errors, the SVF, and the ratio between total distance tracked and total distance travelled. R (The R Foundation for Statistical Computing, Vienna, Austria) was used to compute the percentage of errors smaller than 10 m and the median and interquartile range (IQR) of the GPSerrors, as a more robust measure compared with the root mean square error or mean error as applied by others. 8, 12, 7 The influence of wearing mode and travelling mode were assessed by computing summary statistics stratified by the respective modes.
To assess the influence of building obstruction on the GPS-error, we computed the SVF for each logged GPS-location. Next, we computed the correlation between the SVF and GPS-error. As the SVF may have a delayed effect on GPS-performance and because there is a strong autocorrelation in GPS-errors (data not shown), we computed the moving average of both the GPS-error and the SVF over time-intervals ranging from 1 s to 400 s.
The agreement between two GPS-devices tracking in parallel was determined by the Pearson's correlation coefficient of the paired GPSobservations. The performance of the averaged device measurements was assessed by computing the median and IQR of the errors. Table 2 shows the GPS-performance of the commute study, stratified by wearing mode, transport mode and device. The median error for walking was 3.7 m, biking 2.9 m, train 4.8 m, bus 4.9 m, and car 3.3 m. A higher accuracy of B1 m was observed for wearing the GPSs on the shoulder vs backpack for the transport modes biking and walking. Errors 410 m were most likely to occur for the transport modes bus (23%), train (21%), and walking (18%). Wearing the GPSs on the shoulder vs backpack approximately doubles the chance of 410 m errors for walking (26% vs 13%) and for biking (15% vs 8%). Errors 450 m (B1% of the errors) occured more frequently with high-speed transport (mostly by train), or when the devices had little time to acquire the first position (i.e., at a cold start). Complete signal loss also occurred, especially within the train where 28% of the total distance was not tracked. On average, there were no large performance differences among the make of devices. All had similar medians and IQRs, except that the Oregon better tracked train and bus commutes than the AD-850 and the TracKing. The ratio of the overall median error between the two repeat commutes ranged from 1.05 up to 1.5 (data not shown).
RESULTS
Performance Commute Study
Performance Urban-Tracking Study Table 3 shows the results of the urban-tracking study. The performance (median error 3.2 m, IQR 1.4--6.8 m) over all tracks was similar to the commute study; that is, walking with devices placed on the shoulder (median error 3.1 m, IQR 1.5--6.2 m). Nevertheless, there were considerable differences among the areas; the overall median error ranged from 2.2 m for a relatively open residential area (area 6, average SVF of 20) to a median error of 7.1 m for a commercial high rise area (area 5, average SVF of 31). Even though the SVF in area 3 was higher than in area 5, the median error of area 3 was smaller. This discrepancy might be caused by the research assistant passing through a tunnel in the center of area 5. Errors 410 m were more frequent in areas with a higher SVF. Almost 40% in area 5 and over 30% of the points in area 3 had errors 410 m. In each of the three areas with the lowest SVFs, o10% of the errors were 410 m. About 0.5% percent of the errors were 450 m. These large errors occurred more frequently in high-rise areas and cold start situations. The errors of Performance of GPS-devices for exposure assessment Beekhuizen et al the two GPS-devices employed in the urban tracking study were similar. We did not compute the percentage tracked for the urbantracking study, as a visual interpretation of the logged GPS-paths showed that both devices could completely track all areas. Figure 4 shows the relationship between GPS-error and SVF. We computed the moving average of both the GPS-error and the SVF over increasingly longer time-intervals in order to decrease the effect of autocorrelation. We found a weak correlation (Pearson's R ¼ 0.22) between the GPS-error and the SVF of the individual points (i.e., no averaging over time). However, when we averaged the GPS-error and the SVF over a time-window of 300 s, the Pearson's correlation increased to 0.53. Figure 5 shows, for each of the 10-repeat measurements, the median GPS-errors of the six areas. The median errors in the same areas differed by up to a factor of 2. Across days, the performance also differed per area. For example, on December 23, areas 1, 2, and 5 were accurately tracked, whereas areas 3 and 4 were tracked poorly on that date as compared with other days.
Variation Among Repeat Measurements
Improvement of Performance by Combining Multiple Device Measurements
We determined if combining the measurements of the two devices employed in the urban-tracking study could improve performance. First, we assessed the agreement between the GPSerrors at the logged locations, and found a Pearson's correlation of 0.40 ( Figure 6 ). Next, we spatially averaged the logged locations of the two devices. Figure 7 shows the error distribution for the Oregon, TracKing and averaged locations for all repeat measurements. Overall, the median error of the averaged measurements was B4% lower than the best performing device, the Oregon.
DISCUSSION
The positional accuracy of the GPS-devices in both studies was high compared with typical spatial errors found in environmental epidemiology, such as geocoding. Cayo and Talbot 18 geocoded residential property parcel points, and concluded that in urban areas 95% of the points were within 21 m of the true location, and in suburban areas 39 m. The median GPS-error for walking was 3.7 m (IQR 1.6--7.6 m), biking 2.9 m (IQR 1. The major strength of our research was the performance assessment of GPS-devices for a broad range of conditions (i.e., five transport modes, three devices, two wearing modes, and various types of surroundings), based on a large amount of data. Figure 4 . Correlation between the moving average of the Sky View factor (SVF) and GPS-error, averaged over time intervals ranging from 0 s to 400 s (data from urban-tracking study). Figure 5 . Day-to-day variation in median GPS-error per area (data from the urban-tracking study).
Second, we computed the percentage of travelled distance tracked by the GPS-devices, next to the common GPS-error statistics based on the distance from the logged GPS-location to the true path. This signal loss ratio revealed the conditions and likelihood in which the GPS-device completely lost reception. Third, we quantified building obstruction of the GPS signal with the SVF, linking GPS-errors with the openness to the sky. Fourth, we performed a large number of repeat measurements for the urban-tracking study, enabling us to assess the variability of GPSperformance. Lastly, we combined GPS-measurements of devices tracking in parallel, thereby exploring a potential way of decreasing GPS-errors. A limitation of this study was the centering of all tracks of the commute study around one location. This hinders the generalizability of our findings, but we suspect it has little impact due to the geographical spread of the tracks. Furthermore, we did not consider the uncertainty in the digitized ''true'' path, which can deviate from the actual path travelled. These true path errors could be caused by a lack of detail in the aerial imagery, errors in digitizing the true path, and the person deviating from the true path during their movements. As these errors are random and independent from the logged GPS-locations, the mean error values likely are not affected. A third limitation of our study is our GPS-error measure, which only consists of the error in across-path direction. Considering the true location can be at another position along the true track, the total error can also be defined by the combination of along-track and across-track error, computed by Pythagoras' theorem:
Where E t ¼ total error, E c ¼ across-track error and E l ¼ along-track error. If we assume that E l is on average equal to E c , it can be derived from equation (1) that the total error is a factor of O2 larger than the along-track error. If this assumption holds, the median errors of Tables 2 and 3 should be multiplied by O2. A fourth limitation is the exclusion of indoor stops in our commute study. As we focused on outdoor performance, we instructed participants to travel directly to their destination. However, in reality persons might go indoors. This indoor stop could result in complete signal loss, and a subsequent warm start when continuing the commute, decreasing the GPS-performance.
In general, the more satellites in view of the GPS-receiver, the better the location estimation. Therefore, the performance of a GPS will greatly depend on the obstruction of the satellite signals to the GPS-receiver. In nearly all of our studies, the employed GPSdevices were able to locate the participants. Exceptions were train rides, which were often only partly tracked. We suspect that the combined effect of both a complete signal loss in the train station, resulting in a warm start when entering the train, and the obstructed view to the sky in the train itself, resulted in limited tracking of train rides.
The effect of surrounding buildings on the GPS-error was analysed in the urban-tracking study. Even though there was only a minor correlation between the GPS-error and the SVF at individual observations, the correlation increased when averaging the error and SVF over longer time intervals (see Figure 4) . We suspect that the strong autocorrelation in GPS-errors decreases the direct relationship with the SVF, especially in areas with a strong fluctuating SVF over small distances. If there is adequate satellite reception, moving from an open to a densely built-up area does not immediately worsen GPS-performance, even though the SVF has increased. Vice versa, moving from a dense built-up area to an open area would not immediately lead to better reception. Variogram analysis showed that autocorrelation of the GPS-error ceased after about 30 s (data not shown).
The differences in GPS-performance among the repeat measurements of the Amsterdam areas were relatively large, up to a factor of 2 (see Figure 5 ). For the commute study, the differences among the repeats were slightly smaller, up to a factor of 1.5 (data not shown). Varying weather conditions are unlikely to explain the amount of variation in GPS-performance across time. 19 Instead, Performance of GPS-devices for exposure assessment Beekhuizen et al differences in the satellite constellation might be the underlying cause. The satellite constellation determines the number of satellites in view and the favourability of the satellite-geometry for location estimation, which is expressed by an indicator termed dilution of precision (DOP). The repeat measurements of the urban-tracking study were taken at random times of day, whereas the two repeats of the back and forth commute were taken at the same time of day. As the GPS-satellites have an 11-h and 58 min orbit, each day, the same satellites reach a certain position B4 min earlier. Thus, there is a daily pattern in GPS-performance, which likely explains the smaller differences among repeat measurements taken at similar times of day (i.e., the commute study) compared with measurements taken at different times of day (i.e., urban-tracking study). We could not confirm the relationship between satellite constellation and GPS-performance, as our GPS-devices neither logged the number of satellites in view nor the DOP. We tried to increase GPS-performance by spatially averaging the measurements of multiple devices used in parallel. The mean error of the averaged track was about 10% smaller than the mean error of the best performing device, and the median error only 4%. As B30% of the points were placed on different sides of the true path, we expected a larger performance increase. We suspect the effect was mitigated by the relatively small error of opposite point pairs: the median error of opposite point pairs was 28% smaller than the median error of all point pairs (data not shown). Thus, most large errors were similar for both devices. This small accuracy gain indicates that the major error contribution is not random, but a systematic effect caused by the blocking and reflection of satellite signals by buildings, which tend to have the same directionality. It is therefore questionable whether the use of two devices in parallel is worthwhile, especially as the burden of carrying multiple devices, extra data collection, and analysis results in only a slight performance increase.
A potential drawback for using GPS-devices in environmental exposure studies is the time burden of processing all data. A GPSdevice greatly reduces the effort of participants, who previously had to make time-location diaries. Nonetheless, the logged GPS positional data by itself is meaningless and should be processed into spatial information. As the amount of logged data increases rapidly, this can be quite a challenge. For example, tracking one participant for 1 week with a 1-s logging interval results in 604,800 data points. 20 It will therefore be necessary to develop automated filtering procedures to convert the logged data into more meaningful information, such as transport mode, indoor/outdoor, or even activity. 21, 22 Additional research should examine how GPS-errors propagate through the exposure assessment steps, thereby computing the impact of GPS-uncertainty on the outcome variable of interest (such as personal exposure), as applied by de Bruin et al. 23 
CONCLUSION
The performance of the GPS-devices in both studies was mostly dependent on the transport mode and the urban built-up. Overall, B85% of the errors were within 10 m of the true path, even though errors larger than 50 m and complete signal loss did occur. Hence, a modern GPS-device is capable of person tracking, though one should be careful in interpreting the collected GPS-data.
The usefulness of GPS-devices for exposure assessment depends on the resolution of the exposure model, the type of exposure and distance to exposure source. Typical GPS-errors might affect those exposures that necessitate high resolution mapping due to extreme high spatial variability (such as radiofrequency fields from mobile phone base stations, or air pollutants such as black carbon, ultrafine particles, and NO x ). Similar GPSerrors would affect PM2.5 exposure estimates less due to a lower spatial variance.
Still, even if the errors affect the exposure estimate, GPS retrieved spatial and temporal information is the best affordable tracking technology available for exposure studies. Advances in GPS-technology, which includes GPS enabled smart phones, automatic data processing, and further integration of other tracking information will enhance GPS-tracking capabilities for estimating personal exposures in environmental epidemiology studies.
